Liquid immersion deep-ultraviolet Interferometric lithography 
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An npparutu* for deep-ultra violet interferometric lithography is described, in which the interferina 
fcoms ta. the substrate through a fused silica prism and a layer of index-o, Kb « H 
The h^mn^n techtuque was found io be compatible wi* a o«cS!?2tK 
chcnncally amplified photoresist. The apparatus was useo with o 257 u^T^ Z ^c 
- £° t,n 8 a ■ of 97 nm and linewidth of approximately 40 nm. © 
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I. INTRODUCTION 

Inierferometric lithography has been shown (o be a pow- 
erful technique for the generation of large; periodic patterns 
such as gratings, grids, and arrays of boles or posts. 1 -* Be- 
cause it provides well-defined illumination with high contrast 
over o large range of spatial tnajuencies, interferometric li- 
thography is also well suited to the study of the fundamental 
physical chemistry of (he photolithographic development 
process. Since one of its most attractive features is the 
capability to write a pattern with a single, very high spatial 
frequency, it is obviously of interest to consider all available 
means of extending the limits of interferometric lithography 
.lo generate the smallest possible features. 

Iu the simplest implementation of interferometric 
lithography, two mutually coherent plane waves of wave- 
length K are incident on a substrate in such a way that their 
wavevectors are coplanar and each make an angle 8 with 
respect to the normal to the substrate, as shown in Fig 1 
Interference of the two plane waves produces a sinusoidal 
mteusity distribution, or grating panern, with periodicity A 
given by ' 



A»X/2sin( 01 



(1) 



As 8 approaches 90°. A approaches the limiting value of 
yi* which corresponds to the highest spatial frequency that 
is theoreticaUy achievable with freely propagating light 
beams of a given wavelength. To write finer gratings, one 
can take advantage of the reduction in wavelength of light 
propagating through an optically dense medium, in which 
case 



A«X 0 72/i sin(0). 



(2) 



where n denotes the index of refraction or the medium in 
which the interference takes place and X 0 is the vacuum 
wavelength of the interfering beams. The liquid immersion 
technique widely used in optical microscopy immediately 
suggests itself as a method to realize interference in an opti- 
cal^ dense medium. We have constructed an exposure syy 
•em that implements liquid immersion interferometric lithog- 
raphy with deep ultraviolet (UV) light (257 nm) and a 
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conunercially available chemically amplified photoresist 
The results show that the predicted improvement in gratiug 
pitch can be achieved with a simple interferometer. 

II. APPARATUS 

The most straightforward means of generating two-beam 
interference in an optically dense medium while at the same 
time allowing large values of <9. is to couple the beams 
through the equal faces of an isosceles prism,' 19 as shown in 
Fig. 2. Note that although the figure is drawn so that the 
beams enter the prism normal to the input laces oblique 
incidence is also possible. In onto to couple (he light effi- 
ciently into the photoresist, the space between the prism and 
the substrate was filled with index-maiching Uquid. (In prin- 
ciple, evanescent wave coupling is also possible, but ibis 
uses the optical power less efficiently and requires an ex- 
tremely flat substrate and precise positioning of the prism 
retauvc to the substrate, whereas liquid immersion is both 
efficient and simple to realize.) The liquid must sausfy sev- 
eral requirements: it must have low absorption for the wave- 
length being used: its index of refraction must be . reason- 
ably good match to that of the prism, as discussed below, and 
it must be chemically compatible with the photoresist. The 
goal of using a chemically amphfied resist, in which small 
amounts of pbotogcneraied acid catalyze the deprotection re- 
action, combined with the need for deep-UV transparency 
led us to consider chemically neutral compounds such as 
sirtughi-chain and cyclic alkanes. 

To better understand the role of the matching Uquid. we 
consider more closely the interface between the prism liq- 
uid, and substrate, shown schematically in Fig 3 Here n 
and « 5 denote the indices of the prism and the ind-x maich' 
mg liquid, and *, and G 2 are the corresponding propagation 
angles with respect to the substrate normal. As drawn, ,„ 
Vl u Ul ? e . Mroe COl,sidcn »«ions apply for ,, 3 <*., ^ 

reflection. Tlic hqu,d layer is assumed to be thick enough 
J! ™ C ™ cvuiicM.ei.1 coupling u.xl other Ihin-mm 

effects, winch is reasonable for the conditions of our experi- 
mem. The periodicity of the interference pattern at the sub- 

*TJLrr hy opplying Eq - <2) '° *• beams inciden » °° 
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A = X 0 /2/i 2 5iii(<? 2 ) 



One sees (hoi the grating period is independent of the refmc. 
live index of the plane-parallel liquid foyer the change iu 
wovelenglh occording to \»X 0 /n is exactly canceled by the 
change in & due lo refraction at the glass-liquid inieifnce. In 
practice it is desirable for the glass and liquid indices to be 
approximately equal, in order lo minimize reflections at the 
interfxe. We (lui* conclude that r»,«/i, is the most desirable 
index for the matching liquid. Tne amount of index mis- 
match that can be tolerated depends on the desired value of 8 
and the acceptable reflectivity of the glass-liquid interface. 
For instance, at 0=-6O° an index nusmatch of 3% results in 
less tiian 0.5% reflectivity for s polarization. 

To demonstrate liquid immersion mierferomctric lithogra- 
phy, we adapted the apparatus described in Ref. 4. The light 
source is a continuous-wave (cwj Ar + laser operating on the 
5 J 4.5 run transition, incorporating an inrracavUy frequency 
doubling crystal of beta-barium boraie. Tne resulting 257 run 
beam is spatially filtered, coUiainted. and about 1% of the 
mtensity is picked ofT with an uncoaied fused silica substrate 
and directed to a photodbde for exposure control. A dielec- 
tric beamsplitter generates two beams of equal intensity (ac- 
curacy approximately 2%). which are redirected by mirrors 
to the coupling prism as shown in Fig.. 2. Tne prism is fab- 
ricated from fused silica (n-1.50 at 257 nm) with apex 
angle ar = 90°. The index- matching liquid was cyclo-octane. 
From a. measurement of the displacement of a coiliaiaied 
beam by a tilted cuvette of cyclooctane we estimate n 
53 151 for the index of refraction at 257 run. The excellent 
match to fused silica results in negligible reflectivity. Tne 





.0) 



Ftt. .V DruiJ of tttr *iUca-U<»jkMubanuc iairrfacr. For limpUciiy, oaly oor 
of Ae Uurrfrrioj bran ii shown, tad the l.ym of photimslu and BARL 
ire onmud (hr iauKtrtocr pmtn briaj auuxmd 10 cxat si ihr **Warc of 
inc tubsuotc. 



biu opu«JJy tons* mrdwm. The cenyuneou art . bewmpliicer <BS>. iwo 
<Uq). and stftttrate S. 



JVST B - Microelectronics and Nanometer Structures . 



measured attenuation of the beam corresponded to an ab- 
sorption coefficient (base e) of 2.44 cm" 1 , and no uoticabJe 
UV-indnced fluorescence was observed. No attempt was 
made to purge tlw sample of oxygen Tor this measurement. 
The interferometer was adjusted so that 0«61.3°. Under 
these conditions Eq. (2) predicts A - 97^5 nm. 

III. EXPERIMENTAL RESULTS 

The apparanis described above was used to expose films 
of Shipley UVD-HS. s commercial, chemically amplified re- 
sist designed for 245 nm exposure. The resist solution was 
thianedio 25% of its original solids content with propylene 
glycol methyl ether acetate. No modificatiojis were made to 
tlie usual preparation and development process: the resist 
film was applied with a thickness of 140 nm over a 9f>nm- 
thick antireflection layer (BARL 900) and baked for 60 s at 
I30°C. After exposure, the film was baked for 90 % at 
140°C and developed in Shipley CD-26 developer for 20 s. 

Chemically amplified resists are notorious for their ex- 
treme sensitivity to parts-per-biltton traces of basic contami- 
nants. We found that our supply of high-purity cyclo-octane 
(Fluka purum grade) apparently contains basic contaminants 
at a level sufficient to affect lithographic imaging, producing 
a skin at the resist interface that is characteristic of base 
combination." Treatment of the liquid with 
cliiomatography-gradc silica gel followed by filtration elimi- 
nated this effect. 

A scanning electron micrograph of a developed photore- 
sist film is shown in Fig. 4. The period of die grating panern 
is consistent with the expected value of 97 nm, and the lines 
of photoresist are approximately 40 nm wide. The root- 
mean-square (rms) variation in the line width is approxi- 
mately 5 nra. To the best of our knowledge, these are the 
smallest features thai have been written optically in a chemi- 
cally amplified photoresist. Acliromatic interferometric li- 
thography has been used to write 100 nm period gratings in 
poly(melhylmctliacrylate) (PMMA);' this approach uses 
beams wuh X 0 -1M nm propagating in air and requires an 
extremely accurately constructed grating micrometer to 
produce clean interference patterns in view of the poor co- 
herence properties of the ArF loser. 

The fact that our exposures yielded a clear grating pattern 
in the developed phoioresist has important implications for 
the role of acid diffusion in the resist. Current estimate, of 
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acid Effusion coefficients in deep-UV cbcmicolly amplified 

&1T T ^l^f of W-»-IO-«* cmVs at 
90 C. A value of JO" 1 * cm 2 /*, in the center of this range, 
would correspond lo a lower limit on the diffusion length of 
70 nm. if all image blurring were due to diffusion alone. This 
would predict a spreading of the nominal 50 nm spaces to 
120 nm. If this magnitude of the diffusion coefficient were 
correct, we should not have seen any features at all. Clearly 
ihe apparent difftision length is much smaller, with an upper 
hunt of order 50 nm based on the well-resolved 5<Wwide 
hues and spaces in Fig. 4. 1ms extent of spreading would 
correspond lo on upper limit to the diffiisioo coefficient of 

lln oL J** '* " *!* higher lemperniure of 

140 C This is consistent with our independent measure- 
menu of diffusion in a closely related model system u 

Kd!2 *"* h ° Ve 0hStrVed *» in ^««"«ric 

lithography can serve as a useful mode] of imaging photo- 
lithographic .ysiernt. and performed an interferon* trie ex. 
penment to demonstrate the importance of polarization ef. 
rects for hieh^iumencal-aperture exposure (NA - 0.85). In 
our experiment the NA is even higher, so one expects the 
polarization effects to be still more dramatic. To obtain the 
resulushown in Fig. 4, the mterfering beams were , polar- 
oed. For a direct test of the effect of beam MlarizauoTx/2 
plates were inserted in the interfering beams, allowing the 
polarization to be varied without changing any oUier experi- 
mental conditions. Exposures were made with 0=48.3° (NA 
T U2 '' "wHwi in A- J15 nm according to Eq (2) The 
developed photoresist pattern, shown in Fig. 5. indicate that 
while the exposures with r-polarized light give a clean gnu- 
uig pattern, the p polarized exposures have almost no relief 

r^i„",^ l5 K n, ^ ith "* MpeC,cd contrasl reducli0 » ^ 
£E /flT 1 0UT . ""I' 1 " cx P crin * n ^ lowing that 

lot lo 0 ,ar ' e dcgieeof,inc ^ c 

IV. DISCUSSION AND CONCLUSIONS 

We have shown that liquid immersion intcrferometric li- 
thography can be performed with a commonly used, chemi- 
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colly amplified photoresist, without any materials composi- 
lion or process modificaiions. Using n 257 nm light source 
gratings were written which would have required a vacuum 
wavelength of approximately 193 nm, had conventional in- 
erferometnc lithography been used By taking advantage of 
the wavelength reduction in an optically dense medium, we 

Stall? ^ ° ******* of or 171 nm, to write 
the mterferometnc grating. The developed patterns are much 
cleaner when j polarization is used, which is consistent with 
the expected contrast degradation for p polarization 

It is natural to ask whether these results can be extended 
to write even smaller features. One approach would be to 
further increase n. The only material of high optical quality 
which 11 in widespread use in the optical industry, is trans- 
parent at decp-UV wavelengths, and has 0 higher indcz of 
retraction than fused silica is sapphire, with n = 1.83 at 251 
nm. Toe birefringence of sapphire presents some difficulties 
maintaining the polarization purity of the interfering beams, 
but one could cut the prism in such a way that both beams 
propagate as ordinary rays. A more fundamental limitation, 
however, is due to the refractive index of the photoresist, n, . 
If the coupling prism has a higher index than the photoresist, 
rays incident on the resist film with large 6 win be totally 
reflected. Of course, there would still be evonescent coupling 
10 the photoresist, but this would be relatively weak and 
would vary strongly .cross the diiclcness of the resist layer. If 
one exchides the use of evanescent coupling, then (be T pho- 
toresist mdex sets a lower Unrit 

on the grating piidi that con be achieved, regardless of Die 

Shipley UVn-HS resist that we used «, = 1.68. which means 
lhat even if materials with higher indices were available, the 
reduction in grating pitch relative to the fused silica/cylco- 
octane system would only be about 12*. 

There remains the possibility of extending the liquid im- 
mersion technique to lower X 0 . Though there is little data on 
he opucal constants of liquids at around 200 nm. it seem, 
.ke y dint alkane, and saturated cyclic hydrocarbons couW 
be found winch would I* suf/icienily tnmspurcat and have 
r fT'. of re&ac,io ° »o serve ns a matching layer 
for fused silica. 1, is therefore probable that an extension of 
^technique to the ArF wavelength range would he fea- 
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